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The growing threat of antibiotic resistance has prompted investigations into alternative sources of antibacterial
agents. Endophytic fungi have emerged as a promising source of a variety of potent bioactive compounds.
However, their bioactivity and viability often diminish with extended storage and cultivation. In this study, two
endophytic fungi were screened for their viability and antibacterial potential through successive subculture and
agar diffusion techniques. Epigenetic modification and combination therapy were adopted to reverse the anti-
bacterial potential. Aspergillus sp. isolate UILRZ5 became nonviable at the second generation, while Penicillium
citrinum isolate UILRZ6 remained partially viable at the third generation. The first-generation activity ranged
between 7.00 + 0.00 mm to 13.50 + 0.50 mm, while the minimum inhibitory concentration (MIC) ranged be-
tween 32 and 256 ug/mL. Nicotinamide was used as an epigenetic modifier to reactivate the lost antibacterial
activity to a range of 3.70 + 0.25 mm to 9.33 + 0.21 mm and MIC between 32-256 pg/mL. The combination
approach, with the inclusion of penicillin, had a zone of inhibition between 2.20 + 0.20 mm and
19.23 £ 0.25 mm. The Gas chromatography-mass spectrometry analysis detected several chemical compounds of
varying bioactive potential. Therefore, this study demonstrates the potential of epigenetic modification as an
approach for enhancing the production of secondary metabolites from endophytic fungi. Furthermore, it high-
lights combinatorial strategies as promising approaches for stimulating the antibacterial potential of these fungi
in the search for novel antimicrobial candidates.

1. Introduction and abiotic stressors, and producing secondary metabolites with me-

dicinal and pharmaceutical benefits (Rigobelo and Baron, 2021).

Antibiotic resistance has become a global health threat, with an
estimated 700,000 deaths per year due to infections caused by resistant
bacteria (Mdarhri et al., 2022). With this estimate expected to continue
rising, there is an urgent need for alternative therapeutic strategies to
combat antibiotic-resistant infections (Singha et al., 2024). In response,
recent studies have explored various potential therapeutic strategies to
address this resistance (Aghamohammad and Rohani, 2022). One
promising source of novel antimicrobial agents is endophytes, which can
produce highly effective bioactive compounds (Nazir et al., 2024). These
endophytes, comprising bacteria and fungi, are diverse microorganisms
found in healthy plant tissues (Jia et al., 2016). Endophytic fungi alone
comprise over one million species in nature and have demonstrated
extensive benefits to the host plant and the general ecosystem. The
benefits include improving the host’s uptake of essential nutrients,
protecting the host from phytopathogens, improving tolerance to biotic
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Moreover, these fungi produce versatile secondary metabolites with
recognized antibacterial and fungicidal activities. Notably, endophytic
Penicillium has been extensively investigated for its bioactivity, anti-
biotic potential, and numerous benefits in the biotechnological and
pharmaceutical industries (Toghueo and Boyom, 2020). The secondary
metabolites produced by endophytic Penicillium sp. are mainly bioactive
compounds effective as antimicrobial, antioxidant, and
anti-inflammatory agents (Weng et al., 2022). Similarly, endophytic
fungi in the genus Aspergillus are known to produce metabolites with
antibacterial, antifungal, anti-inflammatory, and immunosuppressive
activities (Hagag et al., 2022). Thus, endophytic fungi are a promising
source of novel antimicrobial agents that can reduce reliance on
antibiotics.

Despite their potential, several challenges limit the cultivation and
study of endophytic fungi. One significant issue is the loss of viability
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and bioactivity when cultured or stored on artificial media. This
occurrence has been attributed to their intrinsic location within plant
tissues, which significantly limits their ability to thrive under normal
laboratory conditions (dos Reis et al., 2022). According to an early study
that investigated the nutritional requirements of endophytic fungi,
Kulkarni and Nielsen (1986) noted that endophytic fungi used very
limited carbon and nitrogen sources for growth. Likewise, a recent study
by Akram et al. (2023) found that endophytic fungi do not grow on agar
medium. This might be attributed to the rich nutrient content of artifi-
cial media, which does not support their metabolism (Akram et al.,
2023). Furthermore, dos Reis et al. (2022) noted that growth on culture
media requires a specific composition, as varying conditions may inhibit
survival. For instance, thiamine was the only vitamin required for the
growth of Ceratopycnidium baccharidicola (Bertoni and Levin, 1997).
This further suggests that endophytic fungi thrive under conditions that
provide minimal nutrients for their survival (Hume et al., 2013).

In the study by Zakariyah et al. (2024), the authors reported that
endophytic fungi often lose their viability when cultured or stored for
extended periods. This loss reduces their bioactivity and hinders
assessment of their antibiotic potential (Gundel et al., 2010). This
occurrence is attributed to the inactivation of biosynthetic gene clusters
(BGCs) required to stimulate the production of secondary metabolites
(Kjeerbglling et al., 2019). Similarly, Shi et al. (2022) emphasized the
role of BGCs in mutualistic relationships between organisms, high-
lighting that BGCs enhance understanding of how microbial natural
products interact with their eukaryotic hosts. BGCs are highly special-
ized genes that regulate the amount and type of bioactive molecules, or
secondary metabolites, produced by endophytic fungi (Benite-Ribeiro
et al., 2016). Recent advancements in epigenetics have encouraged
studies to understand how to prevent BGCs from going silent, reactivate
cryptic clusters, and modify gene clusters to enhance the quality and
quantity of secondary metabolites. One of the most effective methods of
reactivation is epigenetic modification. Epigenetic modification refers to
genome alterations that alter a cell's transcriptional potential, leading to
changes in gene expression and in cell growth, differentiation, and
function (Kumari et al., 2022; Ramesha et al., 2021).

Epigenetic modification of endophytic fungi has been shown to
successfully reactivate silent BGCs, leading to the production of new and
effective secondary metabolites (Zakariyah et al., 2025). In addition,
combining endophytic fungi with conventional antibiotics has a high
likelihood of restoring their bioactivity (Omokhua-Uyi et al., 2025). This
way, antibiotics act as an adjuvant, broadening the spectrum of activity
of endophytic fungi through a synergistic mechanism (Moussa, 2024). In
turn, this preserves the efficacy of antibiotics, reduces dependence on
them as sole antimicrobial agents, and reduces antimicrobial resistance.
However, only a few studies have examined the antibacterial potential
of metabolites from epigenetically modified endophytic fungi and the
combined effect of antibiotics on endophytic fungal activity. Therefore,
this study aims to investigate the viability of endophytic fungi grown
and stored on culture media. It also provides insights into the antibac-
terial potential of secondary metabolites from epigenetically modified
endophytic Penicillium and Aspergillus spp., and into the synergistic effect
of antibiotics in restoring the viability and antibacterial potential of the
selected endophytic fungi.

2. Methodology
2.1. Cultivation and viability of the selected endophytic fungi

The selected endophytic fungi, Aspergillus sp. isolate UILRZ5 and
Penicillium citrinum isolate UILRZ6, were obtained from Zakariyah et al.
(2025). The endophytic fungi were successively subcultured into three
generations on Potato Dextrose Agar to determine their viability.
Viability was determined by measuring mycelial growth diameter
(MGD) every 48 h across the three generations. The equation for
calculating the MGD was obtained from the work of Werghemmi et al.
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(2022):

(mm) =21+ D2 a

Mycelial Growth Diameter 3

2.2. Source of the test organisms

The test organisms used for this study, Staphylococcus aureus,
Escherichia coli, Enterococcus faecalis, Acinetobacter spp., Klebsiella pneu-
moniae, and Pseudomonas aeruginosa, were collected from the Depart-
ment of Microbiology and Parasitology, University of Ilorin Teaching
Hospital, University of Ilorin.

2.3. Antimicrobial susceptibility testing

Antimicrobial susceptibility testing of the extract was performed by
slightly modifying the method described by Ali et al. (2022). The test
organisms were inoculated onto sterile Mueller-Hinton agar plates using
sterile swab sticks, and the plates were labeled with the corresponding
organisms. The antimicrobial activity of the endophytic fungi and their
extracts was tested using agar plug and microbroth dilution methods,
respectively.

2.3.1. Agar plug method for the primary screening of the selected
endophytic fungi

Four (4) equidistant holes were made on each agar plate using a
7 mm sterile cork borer. Actively growing endophytic fungi were
introduced into these holes, and Gentamicin served as a positive control.
Plates were incubated at 37 °C for 18-24 h. Antimicrobial activity was
evaluated by measuring the clear inhibition zones around the holes to
the nearest millimeter using a ruler.

2.3.2. Microbroth dilution method for the secondary screening of the
selected endophytic fungi

About 50 pL of Mueller-Hinton Broth (MHB) was added to the
microplates. The extracts were reconstituted to 512 ug/mL, and 50 pL of
the solution was added to the first well. Serial two-fold dilutions were
then carried out by transferring 50 uL from one well to the next along the
row, mixing with 50 pL. of MHB in each subsequent well, to obtain a
dilution series. After this, 10 pL of the standardized test organisms was
added. The plates were then incubated at 37 °C for 24 h. A colorimetric
indicator (INT: p-iodonitrotetrazolium violet) was added to the wells to
characterize microbial growth, and the microplates were re-incubated
for 30 min.

2.4. Determination of the minimum inhibitory concentration (MIC)

A broth microdilution susceptibility assay was used to determine the
MIC. All tests were performed using Muller-Hinton broth and 96-well
Microplates. 70 uL. of MHB was added to the microplates, and the ex-
tracts were reconstituted to 512 ug/mL and diluted in serial steps. Then,
10 pL of the standardized test organisms was added. The plates were
then incubated at 37 °C for 24 h. INT was then added to the wells to
characterize microbial growth, and the microplates were re-incubated
for 30 min.

2.5. Determination of the minimum bactericidal concentration (MBC)
The MBC was determined by plating out the MIC. Sterile nutrient

agar was poured into the plates and incubated. The MBC endpoint was
the lowest concentration and killed > 99.9% of the test bacteria.

2.6. Reactivation of the viability and antibacterial potential using
epigenetic modification

and Penicillium citrinum isolate UILRZ6, the fermentation medium
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was modified with epigenetic modifiers, as described by Makhwitine
et al. (2023). Four epigenetic modifiers were used to broaden the
reactivation of silent BGCs and enhance secondary metabolite produc-
tion by endophytic fungi. The fungi were pre-incubated on Potato
Dextrose Broth at 27 +2 oC for 7 days. A one-liter sterile liquid
fermentation broth was prepared by mixing 60 g of cornmeal, 20 g of
sucrose, 3 g of yeast extract, 0.25 g of MgSO4, 5 g of KH2PO4, 0.1 g of
MgCl2, 0.01 g of ZnSO4, and 0.01 g of FeSO4. The epigenetic modifiers
were dissolved in distilled water and aseptically poured into each flask
to achieve a final concentration of 500 uM. The broth was mixed thor-
oughly and adjusted to a pH of 5.0. A sterile cork borer was used to
transfer the actively growing endophytic fungi isolates (six inoculum
plugs) into each conical flask containing the sterile broth under aseptic
conditions. The flasks were incubated at 28 + 2 °C and 120 rpm for 7
days. Ethanol was added to the filtrate in a 3:1 ratio for maximal
extraction. The filtrate collected was evaporated using a rotary evapo-
rator and lyophilized using a Labconco freeze dryer. The antibacterial
screening, MIC, and MBC were evaluated as previously described.
P. aeruginosa was selected as the sole test organism at this stage based on
its resistance profile as a WHO critical-priority pathogen, high clinical
relevance, and global burden.

2.7. Combination therapy with penicillin

The extracts of the epigenetically modified Aspergillus sp. isolate
UILRZ5 and Penicillium citrinum isolate UILRZ6 were combined with
penicillin in a ratio of 1:1. This was done to assess the influence of
penicillin on the antibacterial activity of the endophytic fungi. Anti-
bacterial screening, MIC, and MBC against P. aeruginosa were evaluated
as previously described.

2.8. Gas chromatography-mass spectrometry (GC-MS) analysis

The non-polar chemical composition of the endophytic fungi was
subjected to GC-MS analysis, as previously reported. A capillary column
HP-5 (30 m x 0.25 mm internal diameter; CM Scientific, USA), coated
with a 0.25pM film of 5% (v/v) dimethyl polysiloxane and 95%
diphenyl, was used for separation. The column temperature was set at
100 °C and held for 5 min. A 0.5 pL sample solution (5 mg of petroleum
ether extracts dissolved in 1 mL of PE, while dichloromethane extracts
were dissolved in 1 mL of CH,Cly) was injected. The initial column
temperature was then increased to 145 °C at a rate of 5 °C /min and held
at this temperature for 25 min. The MS inlet temperature was 250 °C;
MS mode: (EI, mass range, 40-550 amu ionization source temperature
280 °C). The compounds were identified based on retention indices (RI)
and by comparing the spectra with a stored MS library (W8NO5ST and
NISTO8).

2.9. Statistical analysis

The statistical analysis of the antibacterial activity of the endophytic
fungi was conducted using SPSS version 20, with the zone of inhibition
as the dependent variable. The data were analyzed using one-way
Analysis of Variance (ANOVA) and expressed as mean =+ standard de-
viation. Pearson correlations were also applied to assess the relation-
ships among the test groups. The statistical significance was set at
p < 0.05.

3. Results

3.1. Viability of Aspergillus sp. isolate UILRZ5 and Penicillium citrinum
isolate UILRZ6

The viability of the endophytic fungi decreased progressively as the
number of subcultures increased. This decrease is particularly evident in
the Aspergillus sp. isolate UILRZ5, which lost viability by the third
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generation. The result is calculated as the mycelial growth rate across
the three generations, shown in Table 1.

3.2. Antibacterial activity of the Aspergillus sp. isolate UILRZ5 and
Penicillium citrinum isolate UILRZ6

The antibacterial activity of the three generations of endophytic
fungi was determined against six test organisms. The result of the sus-
ceptibility testing is presented in Table 2. Penicillium citrinum isolate
UILRZ6 had better activity against the test organisms than Aspergillus sp.
isolate UILRZ5, except for Klebsiella pneumoniae. K. pneumoniae was
resistant to the two endophytic fungi, as shown by the lack of zones of
inhibition. In contrast, Staphylococcus aureus and Pseudomonas aerugi-
nosa were highly susceptible to the endophytic fungi.

3.3. Minimum inhibitory concentration of Aspergillus sp. isolate UILRZ5
and Penicillium citrinum isolate UILRZ6

Table 3 presents the MIC of extracts from the selected endophytic
fungi Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate
UILRZ6. Both endophytic fungi showed strong bacteriostatic activity
against Staphylococcus aureus, with only 32 ug/mL of each extract
required to inhibit its growth. However, the reverse is true for
K. pneumoniae, which requires 256 ug/mL of both extracts.

3.4. Minimum bactericidal concentration of Aspergillus sp. isolate
UILRZ5 and Penicillium citrinum isolate UILRZ6

The bactericidal effects of the endophytic fungal isolates against the
test organisms are presented in Table 3. The MBC of both extracts ranged
from 32 to 512 pg/mL. Penicillium citrinum isolate UILRZ6 exhibited a
better bactericidal effect on all the test organisms than Aspergillus sp.
isolate UILRZ5. In addition, the highest concentration of Aspergillus sp.
isolate UILRZ5 extract was ineffective against Pseudomonas aeruginosa.

3.5. Antibacterial activity of the epigenetically modified Aspergillus sp.
isolate UILRZ5 and Penicillium citrinum isolate UILRZ6

The antimicrobial activity of the epigenetically modified Aspergillus
sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6 was deter-
mined against seven strains of P. aeruginosa. Based on the result in
Table 4, extracts of Aspergillus sp. isolate UILRZ5 and Penicillium citrinum
isolate UILRZ6 modified with Quercetin were ineffective against all
seven strains of P. aeruginosa. In contrast, the test organisms reacted
more favorably to the Penicillium citrinum isolate UILRZ6 modified with
nicotinamide than to the other extracts tested.

3.6. Minimum inhibitory concentration of epigenetically modified
Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6

The MIC of the extracts from epigenetically modified Aspergillus sp.
isolate UILRZ5 and Penicillium citrinum isolate UILRZ6 was tested against
P. aeruginosa. The MICs of all the modified extracts ranged from 32 pg/
mL to 256 pg/mL. Although Penicillium citrinum isolate UILRZ6 modified
with nicotinamide inhibited all the strains of the test organisms, lower
concentrations of Aspergillus sp. isolate UILRZ5 modified with

Table 1
Viability of Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6.

Endophytic Fungi 1% Generation 2"! Generation 3" Generation
(mm) (mm) (mm)
Aspergillus sp. isolate  85.0 59.5 0.00
UILRZ5
P. citrinum isolate 75.0 67.5 32.5
UILRZ6
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Table 2
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Antimicrobial Activity of Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6.

Zone of Inhibition of Test Organisms (mm)

TA Generation EC PA KP SA AB EF
A First 7.75 £ 0.25 11.50 +1.53 0.00 12.00 £+ 0.00 0.00 0.00
P First 10.00 £ 0.00 8.25 £ 0.75 0.00 13.50 &+ 0.50 7.00 £+ 0.00 0.00
A Second/Third 0.00 0.00 0.00 0.00 0.00 0.00
P Second/Third 0.00 0.00 0.00 0.00 0.00 0.00
Gentamicin 0.00 22.0 £0.82 0.00 24.0 £ 1.50 11.0 £ 0.82 16.0 +£1.63

The test was done in triplicate (n = 3). Values are given as Mean + Standard Deviation at a significance level of 95% according to the ANOVA test (P < 0.05).

Gentamicin was used as a positive control.

KEY

TA:Test Agent

EC:Escherichia coliEF:Enterococcus faecalis

PA:Pseudomonas aeruginosaAB:Acinetobacter spp.

KP:Klebsiella pneumoniaeSA:Staphylococcus aureus

A:Aspergillus sp. isolate UILRZ5P:Penicillium citrinum isolate UILRZ6

Table 3
MIC and MBC of extracts of Aspergillus sp. isolate UILRZ5 and Penicillium citrinum
isolate UILRZ6.

MIC (pg/mL) MBC (ug/mL)

Test Organism A P A P

Escherichia coli 256 32 256 128

Pseudomonas aeruginosa 256 128 NA 256

Klebsiella pneumoniae 256 256 512 256

Staphylococcus aureus 32 32 32 64

Acinetobacter baumannii 128 128 256 128

Enterococcus faecalis 64 32 256 128
KEY

A:Aspergillus sp. isolate UILRZ5P:Penicillium citrinum isolate UILRZ6
NA:No Activity

hydralazine hydrochloride were required to inhibit the organisms
(32 pg/mL for three strains of P. aeruginosa). The result is shown in
Table 5.

3.7. Minimum bactericidal concentration of epigenetically modified
Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6

The minimum bactericidal effect of epigenetically modified Asper-
gillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6 against
P. aeruginosa is presented in Table 5. From the result, the MBC required
to kill a susceptible strain of test organism was 128 pg/mL, then 256 pg/
mL. In addition, one strain of the test organism (P. aeruginosa 100)

resisted all three epigenetically modified extracts. Although most of the
test strains were resistant, the endophytic fungi extract modified with
nicotinamide demonstrated better bactericidal activity against the sus-
ceptible strains of P. aeruginosa.

3.8. Antibacterial activity of epigenetically modified Aspergillus sp. isolate
UILRZ5 and Penicillium citrinum Isolate UILRZ6 combined with penicillin

The epigenetically modified Aspergillus sp. isolate UILRZ5 and Peni-
cillium citrinum isolate UILRZ6 were combined with penicillin and
screened for antibacterial activity against P. aeruginosa. Nicotinamide-
modified Penicillium citrinum isolate UILRZ6 was the most effective
extract, with activity ranging from 3.7 + 0.32-12.1 + 0.15. Hydralazine
and nicotinamide-modified Aspergillus sp. isolate UILRZ5 with penicillin
were significantly effective against P. aeruginosa strain 914, with the
highest zones of inhibition of 19.23 + 0.25 and 14.13 + 0.23, respec-
tively. The result is presented in Table 6.

3.9. Minimum inhibitory concentration of epigenetically modified
Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6
combined with penicillin

The extracts of the epigenetically modified Aspergillus sp. isolate
UILRZ5 and Penicillium citrinum isolate UILRZ6 were combined with
penicillin. The resulting extracts were assayed for their MIC against
P. aeruginosa and presented in Table 7. Although Penicillium citrinum
isolate UILRZ6 with nicotinamide and penicillin possessed inhibitory
effects against all the strains of P. aeruginosa, Aspergillus sp. isolate

Table 4

Antibacterial activity of epigenetically modified Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6.
Test P HD P SB P NIC PQ A HD A SB A NIC AQ
Org.PA 0.00 0.00 0.00 0.00 0.00 9.20 + 0.30 6.37 = 0.15 0.00
PA 70 0.00 0.00 4.26 + 0.25 0.00 4.73 £0.21 6.77 £ 0.25 6.57 £ 0.40 0.00
PA 80 0.00 0.00 4.76 + 0.15 0.00 5.27 +0.25 6.47 + 0.25 6.37 + 0.15 0.00
PA 90 0.00 0.00 7.46 + 0.50 0.00 0.00 0.00 0.00 0.00
PA 100 0.00 0.00 3.70 £0.25 0.00 0.00 0.00 0.00 0.00
PA 913 0.00 0.00 4.86 + 0.25 0.00 3.20 + 0.26 6.23 + 0.25 5.03 + 0.15 0.00
PA 914 0.00 0.00 2.67 = 0.15 0.00 9.33 £0.21 5.00 + 0.20 7.27 +£0.25 0.00

The test was done in triplicate (n = 3). Values are given as Mean + Standard Deviation at a significance level of 95% according to the ANOVA test (P < 0.05).

KEY

A HD: Aspergillus sp. isolate UILRZ5 + Hydralazine hydrochloride PA: Pseudomonas aeruginosa

A SB: Aspergillus sp. isolate UILRZ5 + Sodium butyrate

A NIC: Aspergillus sp. isolate UILRZ5 + Nicotinamide

A Q: Aspergillus sp. + Quercetin

P NIC: Penicillium citrinum isolate UILRZ6 + Nicotinamide

P Q: Penicillium citrinum isolate UILRZ6 + Quercetin

P SB: Penicillium citrinum isolate UILRZ6 + Sodium butyrate

P HD: Penicillium citrinum isolate UILRZ6 + Hydralazine hydrochloride
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Table 5
MIC and MBC of Epigenetically Modified Aspergillus sp. isolate UILRZ5 and
Penicillium citrinum isolate UILRZ6.

MIC (pg/mL) MBC (ug/mL)

Test P AN AN AN P AN AN AN
Org. NIC HD SB NIC NIC HD SB NIC
PA NA 32 256 256 NA NA 128 256
PA 70 128 256 256 256 NA NA 128 256
PA 80 128 32 32 32 NA NA NA NA
PA 90 64 NA NA NA 256 NA NA NA
PA 100 64 NA NA NA NA NA NA NA
PA 913 128 32 64 256 128 NA NA NA
PA 914 128 128 NA 128 256 NA NA 128

The MIC and MBC for A Q, P Q, P SB and P HD were not evaluated as they had no
antibacterial activity and were not included in subsequent analyses.

KEY

A HD: Aspergillus sp. isolate UILRZ5 + Hydralazine hydrochloride PA: Pseudo-
monas aeruginosa

A SB: Aspergillus sp. isolate UILRZ5 + Sodium butyrate

A NIC: Aspergillus sp. isolate UILRZ5 + Nicotinamide

A Q: Aspergillus sp. + Quercetin

P Q: Penicillium citrinum isolate UILRZ6 + Quercetin

P NIC: Penicillium citrinum isolate UILRZ6 + Nicotinamide

P SB: Penicillium citrinum isolate UILRZ6 + Sodium butyrate

P HD: Penicillium citrinum isolate UILRZ6 + Hydralazine hydrochloride

Table 6
Antibacterial activity of epigenetically modified Aspergillus sp. isolate UILRZ5
and Penicillium citrinum isolate UILRZ6 combined with penicillin.

TO P NIC + Pen A HD + Pen A SB + Pen A NIC + Pen
PA 0.00 2.20 £0.20 15.10 + 0.26 11.40 £+ 0.20
PA 70 10.5 £ 0.47 9.23 £0.25 11.20 + 0.26 7.27 £0.25
PA 80 8.4 + 0.46 9.47 £ 0.25 13.17 £0.21 9.53 £0.35
PA 90 8.40 £ 0.17 0.00 0.00 0.00

PA 100 12.1 £0.15 0.00 0.00 0.00

PA 913 3.7 +£0.32 8.27 £ 0.21 10.23 £ 0.25 7.30 £ 0.20
PA 914 6.72 £+ 0.36 19.23 £ 0.25 8.27 £ 0.25 14.13 £0.23

The test was done in triplicate (n = 3). Values are given as Mean + Standard
Deviation at a significance level of 95% according to the ANOVA test (P < 0.05).
KEY

A HD + Pen: Aspergillus sp. isolate UILRZ5 + Hydralazine hydrochloride
+ Penicillin

A SB + Pen: Aspergillus sp. isolate UILRZ5 + Sodium butyrate + Penicillin

A NIC + Pen: Aspergillus sp. isolate UILRZ5 + Nicotinamide + Penicillin

P NIC + Pen: Penicillium citrinum isolate UILRZ6 + Nicotinamide + Penicillin

UILRZ5 with sodium butyrate and penicillin exhibited better inhibitory
effects. This is because only 32 pug/mL of the extract was required to
inhibit four strains of the test organism. Additionally, P. aeruginosa 90

Table 7
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and 100 resisted all the extracts of Aspergillus sp. isolate UILRZ5 com-
bined with penicillin.

3.10. Minimum bactericidal concentration of epigenetically modified
Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6
combined with penicillin

The Epigenetically modified extracts of Aspergillus sp. isolate UILRZ5
and Penicillium citrinum isolate UILRZ6 were combined with penicillin
and screened for their MBC against P. aeruginosa. Based on the results in
Table 7, all the strains of P. aeruginosa resisted the combination of
Aspergillus sp. isolate UILRZ5 with nicotinamide and penicillin. Only one
strain (P. aeruginosa 70) was susceptible to the combination of Aspergillus
sp. isolate UILRZ5 with sodium butyrate and penicillin (64 pg/mL). At
the same time, two (P. aeruginosa 90 and 100) were susceptible to
Nicotinamide-modified Penicillium citrinum isolate UILRZ6 combined
with penicillin. Furthermore, the minimum concentration of the com-
bined therapy required to kill these two was 256 pug/mL.

3.11. Descriptive statistics

Table 8 below shows the descriptive statistics of the MIC of the
endophytic fungi before epigenetic modification (A, P), after epigenetic
modification (NIC, HD, SB) and the combination therapy with penicillin.
Quercetin was not included as it was largely ineffective throughout the
investigation. The mean MIC values vary across the three treatment sets,
indicating differences in their antibacterial activity. Aspergillus sp.
isolate UILRZ5 had the highest mean at 165.33 4 104.021, suggesting
that a very high concentration is required to inhibit bacterial growth. On
the other hand, the extracts modified with sodium butyrate and hy-
dralazine hydrochloride combined with penicillin had the lowest mean
values at 36.29 + 43.331 and 38.57 + 45.409, respectively.

3.12. Inferential statistics
I) Analysis of variance (ANOVA)

The table below (Table 9) shows a p-value greater than 0.05, indi-
cating that the differences in the endophytic fungi MIC values are not
statistically significant. This means that the antibacterial effectiveness of
the endophytic fungi extracts is similar. Hence, all the extracts and
treatment sets have a similar inhibitory effect on the test organisms.

I) Levene’s Test
The Levene test determines the equality of variances across two or

more sample groups. The table below shows the results of Levene’s test
conducted for the endophytic fungi MIC sets. The p-value is statistically

MIC and MBC of epigenetically modified Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6 combined with penicillin.

MIC (pg/mL)

MBC (pg/mL)

Test Org. P NIC + Pen A HD + Pen A SB + Pen A NIC + Pen P NIC + Pen A HD + Pen A SB + Pen A NIC + Pen
PA NA 32 32 128 NA NA NA NA
PA 70 256 128 128 128 NA NA 64 NA
PA 80 128 32 32 32 NA NA NA NA
PA 90 128 NA NA NA 256 NA NA NA
PA 100 256 NA NA NA 256 NA NA NA
PA 913 32 16 32 64 NA NA NA NA
PA 914 64 64 32 16 NA NA NA NA
KEY

A HD + Pen: Aspergillus sp. isolate UILRZ5 + Hydralazine hydrochloride + Penicillin

A SB + Pen: Aspergillus sp. isolate UILRZ5 + Sodium butyrate + Penicillin

A NIC + Pen: Aspergillus sp. isolate UILRZ5 + Nicotinamide + Penicillin

P NIC + Pen: Penicillium citrinum isolate UILRZ6 + Nicotinamide + Penicillin
PA: Pseudomonas aeruginosa
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Table 8

Descriptive statistics of the minimum inhibitory concentration of endophytic fungal extracts.
Extract Mean + SD (pg/mL) Standard Error 95% Confidence Interval Minimum Maximum
Treatments

Lower Upper

NIC 91.29 + 50.658 19.147 44.43 138.14 -1 128
HD 68.29 + 93.411 35.306 -18.10 154.68 -1 256
SB 86.43 + 118.255 44.696 -22.94 195.80 -1 256
NIC + Pen 123.29 + 102.115 38.596 28.84 217.73 -1 256
HD + Pen 38.57 + 45.409 17.163 -3.42 80.57 -1 128
SB + Pen 36.29 + 43.331 16.378 -3.79 76.36 -1 128
A 165.33 £+ 104.021 42.466 56.17 274.50 32 256
P 101.33 + 89.180 36.408 7.74 194.92 32 256

KEY

A: Aspergillus sp. isolate UILRZ5 HD: Hydralazine hydrochloride

P: Penicillium citrinum isolate UILRZ6 +Pen: Combined with Penicillin
SB: Sodium butyrate

NIC: Nicotinamide

Table 9
ANOVA of the Minimum Inhibitory Concentration (MIC) of endophytic fungal
extracts.

Source of Sum of df  Mean F p-
Variations Squares Square value
Between Groups 106954.083 9 11883.787 1.559 0.150
Within Groups 442256.667 58 7625.115

Total 549210.750 67

Table 10
Homogeneity of variance (Levene Test) of the Minimum Inhibitory Concentra-
tion (MIC) of endophytic fungal extracts.

Parameter Levene Statistic df Df2 p-value
MiIC 3.065 9 58 0.005
Table 11

Analysis of the minimum inhibitory concentration using the Kruskal-Wallis test.

Extract Treatments N (Sample size) Mean Rank of MIC

A 6 50.08
NIC + Pen 7 42.14
NIC 7 40.00
P 6 39.75
SB 7 30.43
HD 7 29.36
HD + Pen 7 24.50
SB + Pen 7 24.14
KEY

A: Aspergillus sp. isolate UILRZ5 HD: Hydralazine hydrochloride
P: Penicillium citrinum isolate UILRZ6 +Pen: Combined with Penicillin
SB: Sodium butyrate
NIC: Nicotinamide
1) Correlation analysis

significant (p < 0.05), suggesting that the variation in MICs is unequal.
Therefore, the MIC values vary differently and significantly across the
extract treatment sets.

I) Kruskal-Wallis Test (Non-Parametric Test)

Since the ANOVA was not statistically significant and Levene’s test
was significant, the Kruskal-Wallis test was conducted as a confirmatory
test. The Kruskal-Wallis test was used to determine if independent
samples originated from the same distribution. The table below shows
the test results for the MIC sets ranked by their effectiveness against the
test organisms. The extracts at the higher end of the table (Aspergillus sp.
isolate UILRZ5 and nicotinamide combined with penicillin) have higher

mean MIC ranks, indicating lower effectiveness and antibacterial po-
tential. In contrast, sodium butyrate and hydralazine hydrochloride
combined with penicillin have lower MIC values and rank lower, indi-
cating their greater antibacterial potential. However, the p-value is
greater than 0.05 (0.211), indicating no significant difference between
the MICs across the extract treatment sets. Therefore, despite the
ranking, the test did not ascertain that the differences in antibacterial
potential were statistically significant.

The correlation analysis in Table 12 shows the relationships among
the MIC values obtained from the three extract treatments. The table
shows a weak, positive correlation between the MIC values of the
endophytic fungi and those of the epigenetically modified extracts
(r =0.151, p = 0.576). A similar relationship was observed between the
MICs of the epigenetically modified extracts alone and when combined
with penicillin (r = 0.116, p = 0.591). This may mean that an increase
in MIC values in one treatment is associated with a similar increase in
the other. In contrast, there is a weak negative correlation between the
endophytic fungi extracts and the epigenetically modified extracts
combined with penicillin (r = -0.029, p = 0.916). This may mean that a
decrease in one leads to an increase in the other. However, not all re-
lationships were statistically significant, showing that they may be due
to chance. Also, it indicates that modifying endophytic fungi and
combining them with penicillin does not consistently or predictably
affect MIC values. Therefore, the antibacterial potential of the treatment
options is independent of each other.

3.13. Chemical compounds detected from the extracts of Aspergillus sp.
isolate UILRZ5 and Penicillium citrinum isolate UILRZ6

Gas Chromatography-Mass Spectrometry (GC-MS) was utilized to
analyze the constituents of the extracts of the endophytic Aspergillus sp.
isolate UILRZ5 and Penicillium citrinum isolate UILRZ6. The results of the
analyses are presented in Tables 13 and 14. For the Aspergillus sp. isolate
UILRZS5, the molecular weight of the compounds in its extract ranges
from 222 g/mol to 294 g/mol. Diethyl benzene-1,2-dicarboxylate had
the lowest amount, at 4.02%, while Oleic acid had the highest, at
45.79%. The molecular weights of the chemical compounds found in
Penicillium citrinum isolate UILRZ6 extracts range from 77 g/mol to

Table 12
Correlation matrix of the MIC values of the endophytic fungi.
MIC values and their correlations MIC MIC (EM) MIC (EM+P)
MIC Pearson Correlation (r) 1 0.151 -0.029
p-value 0.576 0.916
MIC (EM) Pearson Correlation (r) 0.151 1 0.116
p-value 0.576 0.591
MIC3 (EM+P) Pearson Correlation (r) -0.029 0.116 1
p-value 0.916 0.591
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Table 13

Chemical constituents of the Aspergillus sp. isolate UILRZ5 Extract.
Peaks Retention Time (secs) Compounds Area (%) Molecular Formula Weight (g/mol)
1 36.375 Methyl hexadecanoate 25.26 Ci7Ha402 270
2 41.355 methyl (10E,12Z)-octadeca-10,12-dienoate 13.60 C19Ha402 294
3 41.587 Oleic acid 45.79 C1sHa402 282
4 42.475 Methyl hexadecanoate 11.33 C17H3402 270
5 53.509 2-butoxycarbonylbenzoic acid 4.02 C12H1404 222

Table 14

Chemical constituents of the Penicillium citrinum isolate UILRZ6 extract.
Peaks Retention Time (min) Compounds Area (%) Molecular Formula Weight (g/mol)
1 5.681 N-methoxy-N-methylhydroxylamine 5.88 C2H-NO: 77
2 8.940 2-butoxyethanol 1.27 CeH1402 118
3 9.716 Ethyl prop-2-ynoate 39.50 CsHeO2 98
4 12.656 Cyclopentane-1,2-dione 4.99 C7H100s 142
5 16.334 Maltol 1.29 CsHsOs 126
6 18.561 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one 1.45 CeHsO4 144
7 29.818 5-Ethyl-1H-1,2,4-triazole 1.96 C4H7Ns 97
8 28.576 9-Amino-7-mercapto-5,6,8,10-tetraaza-benzo[b]fluoren-11-one 1.32 C1sH7NsOS 281
9 30.046 3,4-Altrosan 1.40 CsH100s 162
10 31.034 2,4-ditert-butylphenol 1.22 C14H220 206
11 37.252 2,3-diphenyl-1H-1,2,4-triazole-5-thione 1.31 C14H11N3S 253
12 38.753 Dipentyl benzene-1,2-dicarboxylate 3.97 C1gH2604 306

306 g/mol. Cyclopentane-1,2-dione was the most abundant compound
in the extract (39.50%), while 2,4-ditert-butylphenol was the least

(0.14%).

Table 15

Chemical constituents of sodium butyrate-modified Aspergillus sp. isolate UILRZ5 extract.
Peaks Retention time (Secs) Compounds Area (%) Formula Weight

(g/mol)
1 6.669 Butane-1,2,3-triol 0.83 C4H1003 106
2 6.859 Pantolactone 0.33 CeH1003 130
3 7.410 Methyl furan-2-carboxylate 0.23 CgHeO3 126
4 7.522 1-Nitrosopiperazine 0.19 C4HgN30 115
5 8.074 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one 1.28 CeHgOy4 144
6 8.335 2,3-Anhydro-p-mannosan 0.28 CgHgO4 144
7 8.529 Mannitan 0.48 CeH1205 164
8 8.585 1,4:3,6-Dianhydro-alpha-p-glucopyranose 0.52 CgHgO4 144
9 8.648 Dianhydromannitol 5.06 CeH1004 146
10 8.783 Ethyl decanoate 0.28 C12H240, 198
11 9.020 Niacin 0.51 CeHsNO, 123
12 9.265 3-hydroxyoctanoic acid 0.23 CgH1603 160
13 9.367 (Z)-3-Methyl-2-hexenoic acid 1.29 C7H;5,04 128
14 11.321 Betonicine 0.66 C7H;3NO3 159
15 12.865 Diethyl benzene-1,2-dicarboxylate 3.49 C12H1404 222
16 14.885 Tridecanoic acid 0.19 C13H2602 214
17 16.601 Cis-10-Nonadecenoic acid 0.27 C19H3602 296
18 16.666 Diethyl benzene-1,2-dicarboxylate 0.57 C16H2204 278
19 16.803 Hexadecanoic acid 13.67 C16H3202 256
20 17.129 Ethyl palmitate 7.04 C18H3602 284
21 17.522 Oleyl alcohol, trifluoroacetate 0.23 CooH35F30, 364
22 18.051 8,11,14-Eicosatrienoic acid-(Z,Z,2) 0.25 CooH340- 306
23 18.157 (9Z,12Z)-octadeca-9,12-dienoic acid 2.62 C18H320, 280
24 18.216 Oleic acid 11.01 C15H340, 282
25 18.403 Octadecanoic acid 16.28 C18H3602 284
26 18.473 Ethyl oleate 9.76 C20H3g02 310
27 18.668 Ethyl octadecanoate 11.38 CaoHy4002 312
28 19.775 20,20,20-trideuterioicosanoic acid 0.34 CooH4002 312
29 20.014 Ethyl hexadecanoate 0.94 C18H3602 284
30 20.684 3,3-dihydroxypropyl hexadecanoate 0.28 C19H3g04 330
31 20.915 Bis(2-ethylhexyl) benzene-1,2-dicarboxylate 0.32 Co4H3g04 390
32 20.957 Bis(2-ethylhexyl) benzene-1,2-dicarboxylate 0.52 Co4H3g04 390
33 21.426 Ethyl nonadecanoate 0.59 C21H420, 326
34 22.042 2,3-dihydroxypropyl (Z)-octadec-9-enoate 7.24 C21H4004 356
35 23.139 Ethyl tetracosanoate 0.60 CoeHs5202 396
36 23.785 Trimethyl-(2-trimethylsilylphenyl)silane 0.24 Cy2H2,Sis 222
100.00
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3.14. Chemical compounds detected from the extracts of epigenetically
Modified Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate
UILRZ6

GC-MS was used to analyze the constituents of the extract of Asper-
gillus sp. isolate UILRZ5 epigenetically modified with sodium butyrate
and Penicillium citrinum isolate UILRZ6 epigenetically modified with
nicotinamide. The results of the analyses are presented in Tables 15 and
16. For Aspergillus sp. isolate UILRZ5, the weight of the compounds in its
extract ranges between 106 g/mol and 396 g/mol. Tridecanoic acid and
1-Nitrosopiperazine had the lowest quantities, with a percentage of
0.19%, while Octadecanoic acid had the highest at 16.28%. The weight
of the chemical compounds found in Penicillium citrinum isolate UILRZ6
extracts ranges from 106 g/mol to 390 g/mol. 2,3-dihydro-3,5-dihy-
droxy-6-methyl-4H-pyran-4-one was the most abundant compound in
the extract (12.16%), while Methyl (Z)-octadec-9-enoate was the least
(0.14%).

4. Discussion

The bioactivity of endophytic fungi makes them suitable candidates
for the search for novel therapeutic compounds to combat antimicrobial
resistance. However, some studies have shown that they are fragile and
prone to loss of viability and bioactivity following extended storage
(Akram et al., 2023; Hume et al., 2013). Building on previous findings
that highlighted the loss of viability and antibacterial potential in
Aspergillus sp. isolate UILRZ5 and Penicillium citrinum isolate UILRZ6
(Zakariyah et al., 2025), this study explored epigenetic modification and
antibiotic combination therapy as suitable strategies to reverse this loss.
To our knowledge, this study is among the first to evaluate the use of
these techniques to restore and enhance the viability and antibacterial
activity of endophytic fungi following subculturing.

The initial observation revealed that the Aspergillus sp. isolate
UILRZ5 lost viability by the third generation, whereas the Penicillium
citrinum isolate UILRZ6 remained viable but showed poor growth. This
finding may be due to endophytic fungi thriving within host plants and
requiring environments similar to those of their hosts to survive
(Vazquez-de-Aldana et al., 2019). This contrasts with the results of Ngoc
and Thanh (2022), who reported that endophytic fungi are generally
easy to cultivate under regulated conditions. Additionally, endophytic
fungi require minute amounts of nutrients, specific growth factors, and
culture conditions for effective growth (dos Reis et al., 2022). Thus,
nutrient limitations, slow growth rate, and production of toxic metab-
olites may have negatively impacted their growth and survival.

Despite these challenges in maintaining viability, the endophytic
fungi were highly potent against S. aureus, P. aeruginosa, and E. coli. The
complete lack of inhibition zones for K. pneumoniae demonstrates the
extent of its resistance. Abdelgawad et al. (2022) reported similar
findings, highlighting that Aspergillus sp. exhibits strong antibacterial
activity against S. aureus and E. coli but not against K. pneumoniae.
Although our antibacterial assay indicated moderate susceptibility of
P. aeruginosa, other studies have highlighted its resistance. One such
study by Abdelgawad et al. (2022) demonstrated that under the activity
of Aspergillus sp., P. aeruginosa had an inhibition percentage of 30.25%.
A notable discrepancy was observed between the primary screening and
subsequent antibacterial assays. While the MIC and MBC of both endo-
phytic fungi showed inhibitory activity against K. pneumoniae and
E. faecalis, no zones of inhibition were observed during the primary
screening. This discrepancy may be attributed to methodological dif-
ferences between the assays. The agar plug diffusion technique depends
on the solubility and diffusion of compounds into the surrounding agar
(Scorzoni et al., 2016), which may have limited the quality and con-
centration of the secondary metabolites secreted and affected their ac-
tivity. In contrast, the microbroth dilution assay allowed the use of
fungal extracts containing a uniform concentration of secondary me-
tabolites, thereby enhancing the activity observed in the MIC and MBC.
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Similar observations have been reported by previous studies. For
instance, Mamangkey et al. (2024) noted that the renewed susceptibility
of organisms in broth assays is attributed to the presence and concen-
tration of potent bioactive compounds, such as penochrochlactones and
butyrolactones, in the fungal extracts.

While the initial screenings demonstrated variability in bacterial
susceptibility, the MIC results showed that P. aeruginosa was highly
resistant, requiring 256 pug/mL of Aspergillus sp. isolate UILRZ5 and
128 pg/mL of Penicillium citrinum isolate UILRZ6 extracts to be inhibi-
ted. Furthermore, the Aspergillus extract was ineffective in mounting a
bactericidal effect on the bacterium. P. aeruginosa has a high clinical
prevalence, especially in hospital-acquired infections. It is frequently
isolated from patients with ventilator-associated pneumonia, urinary
tract infections, and bloodstream infections, and is notably more com-
mon than many other Gram-negative pathogens in intensive care units
(Weiner-Lastinger et al., 2020). Additionally, the classification of
P. aeruginosa as a WHO critical-priority pathogen, coupled with its
adaptive resistance mechanisms and global burden (Elfadadny et al.,
2024; Wester et al., 2024), made it the most appropriate sole target for
subsequent screening stages.

This led us to explore epigenetic modification as a strategy to reac-
tivate the viability and reverse the antibacterial potential of the selected
endophytic fungi, specifically targeting P. aeruginosa. The findings
demonstrate that the modifiers were more effective in reactivating the
bioactivity of the Aspergillus sp. isolate UILRZ5, whereas sodium buty-
rate and hydralazine hydroxide were ineffective for the Penicillium cit-
rinum isolate UILRZ6. These findings may be attributed to differences in
the uptake of the modifiers based on the growth rate and metabolism of
both endophytic fungi (Matis et al., 2023). Quercetin was ineffective, as
evidenced by the lack of activity of both modified endophytic fungi
against the test strains. In contrast, nicotinamide was highly effective in
reversing the loss of bactericidal activity in both endophytic fungi, as
demonstrated by zones of inhibition ranging from 5.03 £+ 0.15-7.27
+ 0.25 for Aspergillus sp. isolate UILRZ5 and from 2.67 + 0.15-7.46
+ 0.50 for Penicillium citrinum isolate UILRZ6. In a similar use of
epigenetic modifiers by Ameen et al. (2020), the authors noted that
endophytic fungi extracts treated with Valproic acid had significantly
higher antibacterial activity against P. aeruginosa at a concentration of
5 pg/mL. These findings suggest that epigenetic modification is a
promising technique for restoring lost bioactivity and can be further
explored in future research.

Following successful reactivation, our study examined the impact of
combining conventional antibiotics with epigenetically modified endo-
phytic fungi. This approach aimed to evaluate the influence of antibi-
otics on the antibacterial activity of endophytic fungi. The incorporation
of penicillin successfully enhanced the antibacterial activity of both
modified fungi. Penicillin may have reactivated silent BGCs in the
endophytic fungi, while the fungi’s bioactive metabolites may have
restored the functionality of penicillin’s beta-lactam rings, resulting in
the significant activity observed. With penicillin, the Aspergillus sp.
isolate UILRZ5 exhibited significantly greater activity against the test
organisms than the Penicillium citrinum isolate UILRZ6. This may be
attributed to differences in the synergistic effect between penicillin and
the compounds in the endophytic fungal extracts (Al-Fakih and
Almaqtri, 2019; Pasrija et al., 2022). To further confirm the effect of the
combination therapy, mean MIC trend analysis of the P. aeruginosa
strains was conducted. The study showed that the combination was
more effective at enhancing antibacterial activity than epigenetic
modification alone. However, it is important to note that subsequent
inferential analyses yielded a different outcome. The ANOVA and
Kruskal-Wallis test showed that the MIC values across the extract
treatment sets were not statistically significant. Therefore, the evidence
presented in this study was insufficient to demonstrate that combining
epigenetic modifiers with penicillin increased the antibacterial activity
of the endophytic fungi. These results may be due to differences in the
test organisms used and variability in the MIC results across the test
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Table 16
Chemical constituents of nicotinamide-modified Penicillium citrinum isolate UILRZ6 extracts.
Peak Retention time (secs) Compounds Area (%) Formula Weight (g/mol)
1 6.796 Butane-1,2,3-triol C4H1003 106
6.57
2 6.899 Butane-1,2,3-triol C4H;1003 106
9.19
3 7.120 Pantolactone acid CeH1003 132
0.67
4 7.614 Methyl furan-2-carboxylate CgHgO3 126
2.31
5 7.884 3-Nitrobut-3-en-2-ol C4H;NO3 117
0.65
6 8.219 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one CeHgO4 144
12.16
7 8.525 1-(furan-2-ylmethyl)pyrrole CoHgNO 147
1.01
8 8.632 3-hydroxyoctanedioic acid CgH1405 190
4.79
9 8.763 Dianhydromannitol CeH1004 146
12.06
10 8.525 1-Deoxy-p-arabitol CsH;204 136
2.87
11 9.065 Pyridine-2,6-dicarboxylic acid C7HsNO4 167
6.50
12 9.365 2-Oxopentanedioic acid CsHgOs 146
2.47
13 9.420 (5-Methylfuran-2-yl)methanol CeHgO2 112
1.25
14 9.712 4-Methoxy-4-oxobutanoic acid CsHgOy4 132
0.39
15 10.613 2-Ethyl-2-methylbutanoic acid C7H1404 130
0.32
16 10.931 4-(2-hydroxyethyl)phenol CsH1002 138
2.15
17 11.341 4-Ethoxy-4-oxobutanoic acid CeH1004 146
1.60
18 11.341 4-Ethylheptan-4-ol CoH500 144
1.42
19 11.751 (25)-1,1-dimethylpyrrolidin-1-ium-2-carboxylate C;H13NO, 143
2.09
20 11.341 D-Arabinitol CsH120s 152
8.06
21 12.869 Diethyl benzene-1,2-dicarboxylate C12H1404 222
4.03
22 13.662 3-Hydroxyoctanoic acid CgH1603 160
0.93
23 13.853 N-ethyl-N-propylcyclohexanamine Cy1Ho3N 169
1.41
24 14.260 3-Propan-2-yl-2,3,6,7,8,8a-hexahydropyrrolo[1,2-a]pyrazine-1,4-dione C7H10N202 154
1.30
25 14.887 Tetradecanoic acid C14H2g05 228
0.26
26 15.995 2-[3-(2-hydroxyethylamino)-2-methylanilino]ethanol Cq1H;18N204 210
0.17
27 16.151 2-[3-(2-hydroxyethylamino)-2-methylanilino]ethanol C11H18N204 210
0.44
28 16.537 Methyl hexadecanoate C17H3402 270
0.24
29 16.613 (E)-Pentadec-2-enoic acid C15Hg0, 240
0.27
30 16.665 Diethyl benzene-1,2-dicarboxylate C16H2204 278
0.89
31 16.796 Hexadecanoic acid C16H3202 256
3.89
32 17.127 Ethyl nonadecanoate C21H420, 326
0.28
33 17.521 Methyl (Z)-octadec-9-enoate C19H3602 296
0.14
34 17.971 Methyl (Z)-octadec-9-enoate C10H360, 296
0.26
35 18.155 (9Z,12Z)-octadeca-9,12-dienoic acid C18H320, 280
0.88
36 18.210 Oleic acid Ci1H3402 282
1.83
37 18.395 Octadecanoic acid C18H360- 284
1.83

(continued on next page)
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Peak Retention time (secs) Compounds Area (%) Formula Weight (g/mol)

38 18.473 Ethyl Oleate CaoH3g02 310
0.46

39 18.668 Ethyl octadecanoate CooH4002 312
0.49

40 20.958 Bis(2-ethylhexyl) benzene-1,2-dicarboxylate Co4H3g04 390
0.90

41 22.048 2,3-dihydroxypropyl (Z)-octadec-9-enoate C21H4004 356
0.56
100

groups. agencies in the public, commercial, or not-for-profit sectors.

To identify the chemical constituents responsible for the observed
antibacterial activity, GC-MS analysis was conducted. The results
showed that octadecadienoic acid was detected in the extract of the
modified Penicillium citrinum isolate UILRZ6. Notably, this compound
has demonstrated anti-inflammatory and antiarthritic activity (Kan
et al., 2021; Ponnamma and Manjunath, 2012), suggesting that such
bioactive compounds contribute to the fungi's antibacterial activity. In
contrast, oleic acid, a fatty acid, was able to disrupt bacterial cell walls
and inhibit gram-positive bacterial growth (Araki et al., 2017) and was
identified in the modified Aspergillus sp. isolate UILRZ5 extracts, indi-
cating that its presence may have enhanced antibacterial effects.
Furthermore, the detection of several bioactive compounds in epige-
netically modified endophytic fungi, compared with unmodified ones,
further supports the significance of epigenetic modification as a mech-
anism for reversing bioactivity. Therefore, this study demonstrates the
potential of epigenetic modification as an approach for enhancing the
production of secondary metabolites from endophytic fungi. Further-
more, it highlights combinatorial strategies as promising approaches for
stimulating the antibacterial potential of these fungi in the search for
novel antimicrobial candidates.

5. Conclusion

The endophytic fungi Aspergillus sp. isolate UILRZ5 and Penicillium
citrinum isolate UILRZ6 demonstrate promising antibacterial activity
and warrant further research into their bioactivity. Epigenetic modifi-
cation successfully restored the antibacterial activity of both fungal
isolates, and the combination therapy showed synergistic effects with
the extracts. GC-MS analyses of both endophytic fungal extracts detected
several bioactive compounds, which may have contributed to the
renewed bioactivity. Future studies could explore a wider range of mi-
crobial strains, epigenetic modifiers, and cultivation conditions to
further strengthen evidence for the applications of these approaches.
Exploiting epigenetic modification and combination strategies will be
invaluable in restoring the bioactivity of endophytic fungi.
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